Abstract. Light absorption and the subsequent transfer of excitation energy are the first two steps in the photosynthetic process, carried out by protein-bound pigments, mainly bacteriochlorophylls (BChls), in photosynthetic bacteria. BChls are anchored in light-harvesting (LH) complexes, such as light-harvesting complex I (LH1), which directly associates with the reaction center (RC), forming the RC-LH1 core complex. In Rhodobacter sphaeroides, RC-LH1 core complexes contain an additional protein, PufX, and assemble into dimeric RC-LH1-PufX core complexes. In the absence of LH complex II (LH2), the former complexes can aggregate into a helically ordered tubular photosynthetic membrane. We have examined the excitation transfer dynamics in a single RC-LH1-PufX core complex dimer using the hierarchical equations of motion for dissipative quantum dynamics that accurately, yet in a computationally costly manner, treat the coupling between BChls and their protein environment. A widely employed description, the generalized Förster (GF) theory, was also used to calculate the transfer rates of the same excitonic system in order to verify the accuracy of this computationally cheap method. Additionally, in light of the structural uncertainties in the Rba. sphaeroides RC-LH1-PufX core complex, 4 These authors contributed equally to this work. 5 Author to whom any correspondence should be addressed. 
2 geometrical alterations were introduced into the BChl organization. It is shown that the energy transfer dynamics are not affected by the considered changes in the BChl organization and that the GF theory provides accurate transfer rates. An all-atom model for a tubular photosynthetic membrane is then constructed on the basis of electron microscopy data, and the overall energy transfer properties of
Introduction
Photosynthesis is initiated when protein-bound pigments absorb light energy [1] - [3] . In photosynthetic purple bacteria, these pigments are anchored within protein complexes, typical examples being the light-harvesting complexes I and II (LH1 and LH2) [3, 4] . The LH1 complex surrounds the reaction center (RC), forming the RC-LH1 core complex. A lightexcited pigment rapidly passes its excitation energy onto nearby pigments, with the energy arriving within tens of picoseconds at the RC to be utilized then for charge separation, the starting point for later steps of photosynthesis. A light-harvesting (LH) complex consists of a few tens of bacteriochlorophylls (BChls) as well as carotenoids, which have been described by various theoretical models [3] - [8] . LH complexes further aggregate tightly in the photosynthetic membrane, forming distinct membrane vesicles and producing arrays of thousands of BChls and carotenoids [9] . Here we focus on the BChl subsystem. The role of the carotenoids feeding excitation energy into the BChl system has been studied in [6, 7, 10] .
A theoretical description of the energy transfer dynamics within a BChl array requires knowledge of the geometrical arrangement of BChls. Such knowledge relies on a highresolution structure of the LH complexes in which the BChls are bound and on information regarding the vesicle-scale packing arrangement of hundreds of LH complexes in the photosynthetic membrane. The natural heterogeneity of LH complexes brings about disorder in Figure 1 . (a) Model of the Rba. sphaeroides RC-LH1-PufX core complex constructed in previous studies [18] - [20] . LH1α is shown in orange; LH1β in blue, RC in green and PufX in red. (b) BChl array (purple). Top: side view along the membrane plane; bottom: top view. (c) A perspective view of a segment of the tubular photosynthetic membrane composed of solely RC-LH1-PufX core complexes. Molecular images in this and other figures were prepared with VMD [21] . the packing arrangement, presenting an ambiguity in the locations of complexes, as illustrated in atomic force microscopy (AFM) imaging studies [11, 12] . This disorder is avoided when only a single type of LH complex is present. For this reason, the current study focuses on the tubular membrane isolated from the LH2-deficient mutant of Rhodobacter (Rba.) sphaeroides, which consists of orderly and helically arranged dimeric core complexes [13] - [17] (see figure 1) .
Due to the lack of a high-resolution structure for the Rba. sphaeroides core complex, shown in figure 1, local structural uncertainties remain. Two disputed structural features of the Rba. sphaeroides core complex concern the location of PufX proteins that are part of the complex, and the exact stoichiometry of LH1 subunits.
PufX is a single transmembrane polypeptide found within the Rba. sphaeroides core complex [4, 22] . Hence, the Rba. sphaeroides core complex is also referred to as the RC-LH1-PufX core complex. While an 8.5 Å-resolution two-dimensional (2D) cryo-electron microscopy (cryo-EM) projection map, currently the highest resolution structural information of the complex, places PufX near the gap of the LH1 openings [16, 23] ( figure 1(a) ), other studies suggest that PufX is located at the dimerizing junction of the complex [24] - [28] and, consequently, interrupting the S-shaped BChl array shown in figure 1(b) . Notably, while PufX is not directly involved in the LH process, deletion of PufX leads to monomeric, ringlike, RC-LH1 complexes [22, 29] , suggesting that it plays an active role in determining the oligomerization state of the Rba. sphaeroides core complex.
Another unresolved structural feature of the Rba. sphaeroides core complex is the number of LH1 subunits and BChls in each RC-LH1 monomer. The 2D cryo-EM projection map identified 14 LH1 subunits per RC, the ratio supported by a quantitative measurement of the purified complex in the same study [23] . Another study proposed a 13 ± 1 LH1 subunit-to-RC 4 ratio [30] . AFM imaging data on the core complex of Rba. blasticus, closely related to Rba. sphaeroides, was interpreted to show a 13:1 LH1 subunit-to-RC ratio [25] . As each LH1 subunit contains two BChls, the unresolved stoichiometry of LH1 implies uncertainty of the number of BChls in a core complex. This uncertainty should be taken into account when considering excitation transfer dynamics in the core complex.
A BChl originally in the ground state is excited to a higher energy state upon absorption of light energy. The excited state of BChl is denoted as the Q y state [3, 4] . This excitation is quickly shared among several BChls, forming an exciton in LH1, which is then transferred to an RC or to a nearby LH1. Exciton formation and excitation transfer depend sensitively on BChl-protein environmental coupling. Characterization of the coupling between BChls and protein has been achieved through different approaches. When the coupling between BChls is weak in comparison to the BChl-protein coupling, the excitation tends to localize and transfer incoherently between BChls, a limit that can be described by Förster theory [31] . Alternatively, when the coupling between BChls is large in comparison to the BChl-protein coupling, the protein environment can be treated using perturbative generalized master equation methods, such as the Redfield theory [32, 33] . In the case of LH1, BChl-BChl coupling is of similar strength to BChl-protein coupling, disallowing prima facie use of the Förster theory and requiring higher order methods than the Redfield theory [34] .
In the case of the Rba. sphaeroides RC-LH1-PufX core complex, excitation transfer dynamics are further complicated due to the relatively strong coupling between BChls of LH1 and those of the RC, as well as due to the dimeric nature of the core complex ( figure 1(b) ). To calculate exciton transfer rates using the generalized Förster (GF) theory [31] , donor and acceptor groups of BChls have to be defined. In systems where the BChls are distinctively separated into strongly coupled clusters, donor-acceptor partitioning is straightforward. In LH1, however, some of the BChls are strongly coupled within each monomer, and some are strongly coupled between the two monomers. Hence, the question arises whether the core complex dimer is best treated as two clusters, one consisting of the LH1 BChls and the other consisting of the RC BChls, or alternatively as four clusters, by further dividing the BChls according to which side of the dimer they reside in.
A complete description of the excitation dynamics is furnished by the hierarchical equations of motion (HEOM) for the time evolution of the density matrix. These equations were formulated by Tanimura and Kubo [35, 36] . The HEOM can be employed to investigate the excitation transfer properties within a single Rba. sphaeroides core complex since the equations describe the excitation dynamics, taking into account the non-Markovian nature of the evolution due to strong BChl-protein coupling, as well as the non-negligible inter-BChl coherences due to strong BChl-BChl coupling [37] . Furthermore, unlike the generalized Förster (GF) theory, the HEOM do not require the artificial partitioning of the BChls into donor/acceptor arrays. However, the extreme computational expense of the method is a limiting factor for all but the simplest systems [12, 37] . In the case of the present study, the respective calculations required 32 processors running for 32 days of wall clock time and using 100 GB of shared memory.
On the vesicle scale, coupling between the BChls in different core complexes is much weaker than the BChl-protein coupling within each complex. The excitation transfer between different core complexes can then be described in the framework of the GF theory [12] . From calculated intra-and inter-complex transfer rates, a Markovian master equation arises that describes the exciton migration across the vesicle, and from this the expected excitation lifetimes and LH efficiencies can be computed [9] .
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The present investigation starts with the construction of an all-atom model for the Rba. sphaeroides tubular photosynthetic membrane consisting of only the core complex dimers ( figure 1(c) ). Characterization of the energy transfer properties begins at the single-complex level, using both the GF formulation and the HEOM, employing also two partitioning schemes where donor and acceptor groups of BChls are defined differently. A comparison of the two descriptions is aimed at determining whether the GF theory provides accurate results and what partitioning scheme is most appropriate. Next, variations in BChl organization within the core complex are introduced to cover all prior suggestions regarding the structural characteristics of the complex. Lastly, the LH efficiency and excitation lifetime of the modeled tubular membrane of core complexes are calculated.
Methods

Construction of the RC-LH1-PufX core complex model
The Rba. sphaeroides RC-LH1-PufX core complex model was constructed in a series of homology modeling and computational studies based on available structural data [18] - [20] . The construction is summarized here. The model was built using solution structures of LH1β and PufX [38, 39] , the structure of the RC [40, 41] and homology modeling of LH1α based on the solution structure of LH1α of Rhodospirillum rubrum [42] . The proteins were then assembled in an arrangement proposed by an 8.5 Å-resolution cryo-EM projection map [23] . Since this projection map did not provide structural information about the bending of the complex normal to the membrane plane, the RC-LH1-PufX dimer was modeled initially as a 'flat' transmembrane complex [18] . Interestingly, subsequent molecular dynamics simulations revealed a strong tendency of the core complex to bend [18] .
3D structural data on the Rba. sphaeroides core complex became available through a single-particle EM reconstruction study at 25 Å resolution [17] , which showed that the dimeric complex is highly bent, i.e. 'V-shaped' when viewed along the membrane plane. To induce a similarly bent geometry in the model developed in [18] , the molecular dynamics flexible fitting method [43] - [45] was employed. This approach provided an atomic structure of the core complex dimer that was stable over tens of nanoseconds simulation time and exhibited the correct bent geometry and membrane-bending properties [20] ( figure 1(a) ). The atomic model also contains the BChls, as shown in figure 1(b).
Variations in the local geometry in the BChl array
Due to a lack of a high-resolution structure for the full core complex, ambiguities remain for some features in the molecular arrangement within the complex. In particular, alternative placements for PufX have been proposed. One placement positions one PufX near each opening of the LH1 ring [16, 19, 20, 23, 29, 46] , in which case the BChls in LH1 form a continuous, Sshaped array (figures 1(b), 2(a) and 2(b)). The other placement puts two PufX at the dimerization junction of the core complex [24] - [28] , consequently interrupting the S-shaped BChl array with a gap at the center of the dimer (figure 2(c)).
Ambiguities also remain regarding the precise LH1 subunit to RC ratio. The 2D cryo-EM projection map suggests 14 LH1 subunits per RC and, in the same study, a quantitative analysis of the purified complex yielded a 28 ± 2.2 BChl to RC ratio [23] , i.e. 56 ± 4.4 LH1 BChls per core complex. Other studies suggested, however, a ratio of 13 ± 1 LH1 subunits per RC [25, 30] or equivalently 52 ± 4 LH1 BChls per complex.
To determine the effect of variation in the BChl organization on the energy transfer dynamics in the core complex, four different BChl arrays were created, as shown in figure 2. 
Theoretical descriptions of excitation transfer
A description in terms of an effective Hamiltonian, widely applied to LH systems [3, 5, 6, 9, 19, 33] , [47] - [58] , is employed here to characterize the excitonic system of the core complex. The effective Hamiltonian for a single complex,
is stated in the basis of Q y excited states of BChl at site j. E j denotes the energy of the Q y state of BChl j and V jk denotes the interaction energy between BChls j and k. The Hamiltonian is diagonalized to obtain the eigenstates |ε α and eigenenergies ε α of the array. In the diagonal form it is
The Förster theory accurately calculates the transfer of excitation energy between BChls that interact only weakly. In this regime, the excitation is localized on a single BChl and, after light 7 excitation, no quantum coherence arises between the BChls. The Förster transfer rate from BChl 1 to BChl 2 is derived from Fermi's golden rule [31] ,
where V 12 is the electronic interaction energy between BChls 1 and 2, and J 12 is the spectral overlap between the fluorescence lineshape of BChl 1 and the absorption lineshape of BChl 2. The GF theory extends the Förster theory to calculate the excitation transfer rate between donor and acceptor BChl arrays as opposed to that between single BChl molecules. The generalization is introduced since the intra-array electronic coupling is much stronger than the inter-array electronic coupling [59] - [61] . The GF theory assumes that, after initial excitation, as well as after any donor array → acceptor array excitation transfer, the donor array or, respectively, the acceptor array quickly (i.e. on a timescale much shorter than the exciton transfer time) thermalizes to a Boltzmann distribution of exciton states. In analogy to Förster transfer between weakly coupled BChls, the excitation is 'localized' on the donor array and transfers incoherently to the acceptor array. Within the donor array, however, the excitation is coherently delocalized and forms exciton states. The exciton states of the donor array thus transfer excitation incoherently to the exciton states of the acceptor array. After excitation transfer, the same happens in the acceptor array, which becomes the donor array for the next excitation transfer event.
The total excitation transfer rate between donor and acceptor arrays of BChls, according to the GF theory, is [3, 47, 54, 59] , [61] - [64] 
Here
is the partition function and J DA is the spectral overlap of donor and acceptor BChl lineshapes. α and β denote exciton states of donor and acceptor BChl arrays, respectively, defined in equation (2) .
To calculate the transfer rate using equation (4), donor and acceptor arrays of BChls have to be defined, i.e. BChls have to be clustered according to interaction strength. It is not always straightforward, however, to cluster BChls with a broad distribution of coupling strengths into donor and acceptor arrays. Below we will compare transfer rates resulting from different partitioning schemes.
The density matrix ρ(t) = i, j ρ i j (t)|i j| contains the information concerning the quantum state of the excited BChl system. ρ ii (t) describes the probability of finding BChl i in the Q y excited state, which we call the population of BChl i hereafter. ρ i j (t), i = j, describes the coherence between excited BChls i and j. An excited BChl system in contact with a thermal bath requires a description involving the time evolution of a bath-averaged density matrix. Much effort has been made to theoretically model such time evolution using so-called dissipative quantum mechanics [65] .
The Redfield theory treats the system-bath coupling perturbatively and applies when the system-bath coupling is small compared to the interactions of the excited states [32, 33] . Modified Redfield theory overcomes this limitation by ignoring the time evolution of the coherence terms ρ i j (t), i = j [33, 37, 66] . However, nearest-neighbor BChls in LH1 are strongly interacting [19] , such that one cannot decouple the corresponding coherence terms from the populations. Furthermore, interaction between the bath and BChls is of the same order of magnitude as nearest-neighbor BChl interactions [67] . As a result, the bath cannot be treated 8 as a perturbation to the system, and neither the Redfield theory nor modified Redfield theory is applicable [34] .
Instead, we employ the HEOM of Tanimura and Kubo [35, 36, 68] . The time evolution of the density matrix is computed using the HEOM, taking into account non-Markovian bath effects by employing auxiliary density matrices. The description of the thermal bath enters through the bath spectral density J i (ω), which describes the coupling strength of the normal mode of frequency ω in the local protein environment to the Q y excited state of BChl i [69] . For J i (ω), we assume the often employed Debye form,
Due to the similarity of the environments of each BChl, each BChl experiences the same spectral density J i (ω). For each BChl i, the reorganization energy is assumed to be λ i = 250 cm −1 and the bath response time to be 1/γ i = 100 fs. These values have been chosen to match experimental results [67, 70] . It is important to note that, in the present description, the environmental fluctuations of each BChl are assumed to be uncorrelated with those of its neighbors. This is possibly a shortcoming of the suggested description.
To describe the evolution of ρ(t) after initial light absorption, the Hamiltonian in equation (1) is modified to account for dissipation of excitation into the bath and use of excitation energy by the special pair BChls of the RC to generate a charge-separated state. For this purpose, two non-Hermitian terms are added conventionally [71, 72] , resulting in the new Hamiltonian
The dissipation rate constant is k diss = 1 ns −1 and the charge separation rate constant is k cs = 1 3 ps −1 (9) . Here, i = 1, 2, . . . , N labels both LH1 and RC BChls; i ∈ S P labels the two special pair BChls in the RC [47] . The derivation of the HEOM that describes the time evolution of ρ(t) is outlined in [12] for the case of the Debye spectral density defined in equation (5) . In the present study, we employ the time-non-local truncation of the equation hierarchy [73] along with the Ishizaki-Tanimura temperature correction terms [36] .
To explore excitation migration in the BChl system, two partition schemes are investigated, as shown in figure 3 . Partition scheme I ( figure 3(a) ) describes the core complex as two BChl arrays, one comprising all the BChls in LH1 and the other comprising all the BChls in both RCs. Partition scheme II ( figure 3(b) ) further separates each half of the dimeric complex, resulting in four BChl arrays: the left half of LH1, the left RC, the right half of LH1 and the right RC. Excitation transfer events can occur between all BChl arrays.
The populations of each BChl array can be calculated from ρ(t) by adding up the BChl populations, i.e. ρ ii (t), with indices i corresponding to BChls i in the respective array. The time evolution of the array populations can be fitted to a kinetic model that corresponds to incoherent inter-array population transfer.
The kinetic equations describing partition scheme I arė Here, the LH1 population, P LH1 , is the total probability of finding LH1 BChls in the Q y excited state, and the RC population, P RC , is the total probability of finding the RC BChls in the Q y excited state. The kinetic equations for partition scheme II arė
The populations P LH1 and P RC have been split according to which half of the dimer they reside in (left side or right side can be assigned arbitrarily due to the symmetry of the core complex). The transfer rate constants k RC→RC , k LH1→RC , k RC→LH1 and k LH1→LH1 in equations (7) and (8) can be determined directly using the GF theory (equation (4)) or by fitting to the time evolution of the BChl array populations provided by ρ(t). These rate constants for excitation transfer are defined in figure 3 . Both equations (7) and (8) can be expressed in the formṖ = MP, with M being the transition matrix and P the vector of populations (i.e. P = (P LH1 , P RC )
T for scheme I and
T for scheme II). This allows one to determine the LH efficiency η, i.e. the probability that an excitation reaches a charge separated state, and the excitation lifetime τ (derivations of η and τ can be found in [9] ), where labels the BChl array. For scheme I, the set RC consists of a single entry that includes all BChls in both RCs and M is a 2 × 2 matrix. For scheme II, the set RC consists of two entries, one for the BChls in each RC and M is a 4 × 4 matrix.
Results
Below we describe the construction of an atomic model of the tubular photosynthetic membrane consisting of the RC-LH1-PufX core complex. Due to uncertainties in the structure of the Rba. sphaeroides core complex, the LH kinetics are calculated for different BChl arrangements in the core complex dimers (see figure 2 ). Both the GF theory and the HEOM are applied and the results compared. We then present calculations addressing inter-complex excitation transfers. Finally, the excitation dynamics in tubular membranes filled with helically arranged core complexes is characterized.
Construction of the tubular photosynthetic membrane
The Rba. sphaeroides core complex model developed in [18] - [20] (see section 2) was used for the construction of the tubular photosynthetic membrane as experimentally characterized through EM [13] - [17] , [74] and shown in figure 1(c). For this purpose, the atomic coordinates of the modeled complex were replicated and arranged into a cylindrical array using the molecular visualization package VMD [21] , with the placements of the complexes determined from EM images of the native Rba. sphaeroides tubular photosynthetic membrane [17] . The resulting model of the tubular membrane is shown in figure 4(a) . The periodicity of the ordered arrangement of the complexes is shown in figures 4(b) and 4(c). Tubular structures constructed by the periodic assemblies of identical units have been reported for numerous biological systems, the best known case being viral capsids [76] . The mathematical theory of tiling [75] provides a concise description for an orderly, tubular structure. It has been employed, for example, to classify viral capsid morphologies [77, 78] .
According to the theory of tiling, the periodicity in the arrangement of the core complex dimers in the tubular membrane model is preserved, as illustrated in figure 4 . The arrangement of the core complexes is characterized by parameters v, w and R. v and w are 2D vectors defining the basic cell of the tiling and are estimated from [17] . R is the radius of the tube. The cylindrical geometry imposes the condition
where n and m are positive integers. The geometry depicted in figure 4 corresponds to m = 10 and n = 6, with an outer radius R o of 340 Å.
Excitation dynamics in a single core complex
Prior to computing the excitation dynamics in the full tubular photosynthetic membrane depicted in figure 4 , structural uncertainties within the Rba. sphaeroides core complex are addressed by considering different BChl arrangements, as shown in figure 2 . For the theoretical description, we employ the GF formulation and the HEOM. The HEOM describe the excitation dynamics in the core complex without reference to a partitioning scheme, as shown in figure 3 . Nevertheless, the kinetic model corresponding to one or the other partitioning scheme, as defined in equations (7) and (8), can be fitted to the results of the HEOM calculations. Such a fit yields transfer rate constants that are listed in tables 1 and 2. This treatment, calculation of ρ(t) and fit of exciton population dynamics to kinetic schemes corresponding to the two partitioning schemes defined in figure 3 , has been applied to both placements of PufX, as shown in figures 2(b) and (c). In the case of a GF description, transfer rate constants can be calculated directly and plugged into the kinetic models right away.
The results of the respective computations are presented in the supplementary data (available from stacks.iop.org/NJP/12/085005/mmedia) accompanying this paper. In summary, we find that the kinetic model describes very well the population dynamics calculated from the HEOM for either placement of PufX and for either partitioning scheme (figures S1-S4). This implies that there is negligible coherent transfer of excitation between the BChl clusters defined in figure 3 . The time evolution of the excited state populations calculated with the kinetic model using GF transfer rate constants also closely matches the time evolution computed by the HEOM. An exception is, however, the population dynamics seen in the case of the center placement of PufX (figure 2(c)) employing partition scheme II ( figure 3(b) ). The population dynamics are shown in figures S3 and S4. The discrepancy in this case is due to the intra-LH1 transfer rate constant, k LH1→LH1 , which in the GF theory is small in comparison to that obtained from a kinetic model fit to the HEOM results (see table 2 ). The excitation transfer rate constants calculated from fitting the kinetic model to the HEOM and from the GF theory are presented in the following section.
Excitation transfer in a single core complex
While the methods employed here permit a full description of the excitation dynamics, the results of interest are the excitation transfer rates between BChl clusters. Tables 1 and 2 summarize the transfer rate constants obtained by fitting the kinetic model (equations (7) and (8)) to ρ(t) calculated from the HEOM and from the GF theory for either the partitioning scheme or placement of PufX. It is seen that, for either scheme, there is little difference between the two PufX placements (figures 2(b) and (c)) in regard to the LH1 → RC and RC → LH1 transfer rate constants, k LH1→RC and k RC→LH1 . The gap in the array of LH1 BChls ( figure 2(c) ) is seen to affect only the intra-LH1 transfer rate constant, k LH1→LH1 .
Calculations of LH efficiency, η, and average excitation lifetime, τ , for a single core complex were performed using equations (9) and (10) (see section 2). For either partitioning scheme and placement of PufX, only a small difference arises in the LH efficiency (1% difference). A more noticeable difference of 10 ps in the average excitation lifetime is seen when comparing the results of the HEOM and the GF theory, the difference arising from the relatively faster RC → LH1 transfer calculated through the GF theory. The GF theory also tends to underestimate the transfer rate constant between the halves of the dimer (k LH1→LH1 ) since the BChls at the center of the complex have a high coupling strength (23 cm −1 for the center placement of PufX), in which case the GF theory is not accurate.
In the present model, there are 52 LH1 BChls in each core complex, i.e. the LH1 subunit to RC ratio is 13, as suggested in [25, 30] (figures 2(b) and 2(c) ). However, an LH1 to RC ratio of 14 was resolved in the 2D cryo-EM projection map [23] , currently the highest resolution structural information of the complex. This ratio, corresponding to 56 BChls per complex ( figure 2(a) ), needs to be considered here. Using the GF theory, the excitation lifetime for the BChl array depicted in figure 2(a) is computed to be 75.6 ps, comparable to the lifetime of other BChl arrangements in tables 1 and 2. The excitation transfer rate seems to be insensitive to the slight change in BChl stoichiometry.
The transfer rates computed here agree well with prior experimental results. The time for forward transfer (LH1 → RC) in the core complex was measured to be within the range of 30-50 ps [19] , [79] - [83] . The backtransfer time (RC → LH1) was reported to be ∼8 ps [19, 79] , which is consistent with the values of k LH1→RC and k RC→LH1 listed in tables 1 and 2. Additionally, the experimentally observed excitation lifetime of 50-60 ps [79, 84] is also satisfactorily matched here (excitation lifetime of 62.5-76.6 ps was computed as listed in tables 1 and 2). We note that differences between the calculated and experimentally measured rate constants and lifetimes stem from the choice of input parameters in the calculations. Since in the present study we aim to compare theoretical methodologies and BChl organizations, for the purpose of consistency, the set of input parameters from prior publications [9, 19] was adopted here without further adjustment.
Rotation of the RC within the LH1 rings
The question naturally arises whether the theoretical descriptions employed here can discriminate rotation of the RCs within their respective LH1 rings, as depicted in figure 2(d) . The rationale for such rotation is that the relative orientation of the RCs within the LH1 rings has been identified in the 2D projection map [23] and through linear dichroism study [29] and, hence, can serve as a test of the present theoretical method. Rotation of the RC within each LH1 ring produces varying LH efficiencies, and one expects that the rotation orientation observed in [23, 29] is optimal, i.e. corresponds to the highest quantum yield [85] .
The result of our analysis is portrayed in figure 5 . Excitation lifetime was calculated using GF theory over the range of RC rotation angles 0-360
• , with 0 • corresponding to the RC orientation seen in [23] . The two RCs were rotated to the same degree, but in opposite directions, with the midpoint between the Mg atoms of the special pair BChls used as the locus of the (perpendicular) rotation axes. The calculations were carried out for two organizations of the LH1 BChl array, shown in figures 2(b) and (c). In either case, the excitation lifetime of the core complex changed with the rotation of the RCs by as much as 6 ps, with the shortest lifetime occurring at zero RC rotation, i.e. for the previously reported RC orientation [23, 29] ( figure 5(a) ). The corresponding changes in the LH efficiency with RC rotation are shown in figure 5(b) . One recognizes that the RC orientation reported in [23] , indeed, is optimal for the core complex, which confirms our calculations. Similar calculations on RC orientation versus photosynthetic optimality were reported by Geyer in [85] , where the same conclusion was reached. 
Inter-complex excitation transfer
We calculated the excitation transfer times between neighboring complexes using GF theory for three alternate placements, as depicted in figure 6 . In the first placement, core complexes are placed side by side along their dimer axis, in which case the calculated excitation transfer time is 53 ps ( figure 6(a) ). The respective transfer time in the case of a 'stacking' arrangement of dimers ( figure 6(b) ), i.e. placing core complexes along their short axis, is 43 ps. When a slight offset is introduced in the stacking arrangement of the core complexes, the excitation transfer time is shortened further to 36 ps ( figure 6(c) ). In going from placements (a) to (b) in figure 6 , the complexes are packed more densely, the average inter-complex BChl distance decreases and, thus, the transfer time shortens. Indeed, in native Rba. sphaeroides photosynthetic membranes, the core complex dimers are seen to form tightly packed linear arrays, i.e. as in the case of figure 6(c) [86] .
Excitonic properties of the tubular photosynthetic membrane
The core complex-only photosynthetic membrane was constructed according to an EM image of the Rba. sphaeroides tubular membrane [17] that displayed a long-range organization of (a) (b) Figure 7 . A single realization of the random walk on a densely packed tubular photosynthetic membrane (a) and on a sparsely packed tubular photosynthetic membrane (b). Light gray represents the LH1 BChls and darker gray the RC BChls. Initial light absorption is marked by a circle, and the final charge separated state is marked by a cross. In (a), the path of the excitation is
In (b), the excitation stays within the same core complex, undergoing the path
helically stacked core complex dimers similar to the ones seen in prior studies [15, 16] . The coordinates of each core complex were taken from [19] , as described in section 2, i.e. using the core complex model with 56 LH1 BChls and PufX placed near the gaps of LH1 ( figure 2(a) ). The resulting model of the photosynthetic membrane is shown in figure 4 . Transfer rates determined according to the GF theory were used to calculate the LH efficiency and average excitation lifetime following [9] . For the tubular photosynthetic membrane depicted in figure 4 , the average excitation lifetime was found to be 72 ps, indeed comparable to the lifetime of a single core complex as shown in tables 1 and 2. An example path of an excitation is depicted in figure 7(a) , showing how an excitation goes through an 11-step random walk across seven different core complexes before reaching a charge-separated state. One of the steps actually involves an RC → LH1 back transfer. The average LH efficiency in this photosynthetic membrane was calculated to be 92.6%. A second model of the tubular photosynthetic membrane was constructed using the same long-range organization for the core complexes, but with the BChl organization in which PufX interrupts the LH1 BChls at the dimerizing junction of the complex ( figure 2(c) ). The average excitation lifetime was computed again for this array, resulting in a value of 74 ps, which compares closely with the 72 ps of the first model. It seems that placement of PufX in the core complex has no significant effect either on the energy transfer properties within a single core complex (cf tables 1 and 2) or within the whole core complex-only photosynthetic membrane. As presented in tables 1 and 2, the only discernible difference between side and center placement of PufX is in the transfer rate constants between the halves of the RC and of LH1 (k LH1→LH1 and k RC→RC ). The long LH1-RC transfer time and the short RC-LH1 transfer time, both of which do not depend on the PufX placement, dominate the excitation capture process, effectively 'washing out' the difference in k LH1→LH1 and k RC→RC , resulting in the similarity of the overall excitonic property seen in the two different tubular photosynthetic membrane models.
A third model of the photosynthetic membrane was considered. In this model, the BChl array from [19] was used again, but the long-range organization of the complexes was altered by removing the nearest-neighbor complexes, leaving only the next nearest neighbors, as shown in figure 7(b) . In this case, the inter-complex excitation transfer time is longer than 7 ns, even for the closest core complexes, yet the excitation lifetime for this membrane is calculated to be 75.8 ps, with an LH efficiency of 92.3% that is as high as for a densely packed membrane. The efficiencies are identical since there is negligible excitation transfer between different complexes in case of the sparsely packed membrane, and the long (7 ns) inter-complex transfer time does not come into play. As illustrated in figure 7(b) , an excitation does not travel to other core complexes, i.e. charge separation occurs within the RCs of the initially excited core complex. This result implies that excitation transfer from LH1 to RC does not rely on closely packed core complexes. The clustering of the core complexes into tightly packed tubular arrays seen in EM imaging of photosynthetic membranes is, therefore, not a result of optimization of the excitation transfer function, but possibly arises to increase the BChl density such that more light is absorbed [9, 17, 87, 88] . Furthermore, a densely packed system of core complexes has the advantage that any core complex with'busy' or damaged RCs can still contribute its LH1 for LH. Such a core complex has zero quantum yield in a loosely packed situation, but a quantum yield near one in a densely packed situation. Clustering of core complexes is also potentially driven by the intrinsic curvature properties of the core complexes [20, 88] .
Conclusion
In this study, we have constructed an atomic model for the tubular photosynthetic membrane of Rba. sphaeroides, composed of solely (RC-LH1-PufX) 2 core complexes in an ordered array. The atomic model enables identification of the geometry of the BChl array, consequently used for calculation of the energy transfer kinetics of the full tubular vesicle. Comparison of theoretical approaches indicates that the results from solving the HEOM, computationally very expensive, but accurate, agree closely with the computationally cheap GF theory, thus validating earlier descriptions of energy transfer processes that employed the GF theory (see e.g. [9, 19, 47, 89] ; for reviews see [3] - [5] , [8] ), and justifying further use of the GF approach. The same conclusion was reached previously for excitation dynamics in LH2 and between pairs of LH2 [12] .
We note that the environmental fluctuations in different BChls may not be entirely uncorrelated [70] , as assumed in this work. The effect of correlated fluctuations is currently under investigation.
There are some uncertainties in the precise molecular arrangement of the Rba. sphaeroides core complex, and for this reason our calculations also investigated two different BChl arrangements according to the two RC-LH1-PufX core complex organizations proposed. The results show that the key energy transfer properties of the core complex are largely unaffected by differences in the BChl organization caused by PufX placement and BChl stoichiometry.
With the wealth of structural data on photosynthetic proteins available today, construction of a comprehensive model for the machinery that drives the conversion of energy in living organisms has finally become possible. The necessary large-scale modeling requires structural information for all proteins (and relevant pigments). Although currently we are in an unprecedented fortunate position in terms of available structural information, there are still unknown molecular features that require further resolution. We have demonstrated here, however, that for physiologically relevant cellular properties, a lack of minute detail might not hinder an accurate description. In the present case, we have a clearly defined long-range supramolecular organization of the photosynthetic membrane consisting of only the bacterial core complexes. The packing of the tubular membrane is well understood, given available EM images, yet the local molecular details of the complex have not been fully revealed. We show here that the energy transfer properties of the large array of complexes are mostly insensitive to local disturbance of geometry. Such robustness of cellular properties to smallscale alterations, e.g. due to naturally arising radiation damage, is seen in other photosynthetic organisms [89] - [91] , and makes a case for pursuing investigations of the functional and structural properties of large molecular assemblies, even when high-resolution data might not yet be available for some of the components.
